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LEARNING PROCESSING APPARATUS,
CONTROL APPARATUS, LEARNING
PROCESSING METHOD, CONTROL
METHOD, NON-TRANSITORY

COMPUTER-READABLE MEDIUM HAVING

LEARNING PROGRAM RECORDED

THEREON, AND NON-TRANSITORY
COMPUTER-READABLE MEDIUM HAVING

CONTROL PROGRAM RECORDED

THEREON

The contents of the following Japanese patent
application(s) are incorporated herein by reference:
NO. 2021-060666 filed in JP on Mar. 31, 2021.

BACKGROUND
1. Technical Field

The present invention relates to a learning processing
apparatus, a control apparatus, a learning processing
method, a control method, a non-transitory computer-read-
able medium having a learning program recorded thereon,
and a non-transitory computer-readable medium having a
control program recorded thereon.

2. Related Art

Patent Document 1 describes “the temperature control
device performing PID control of a cylinder temperature
using temperature control information.”

PRIOR ART DOCUMENT
Patent Documents

Patent Document 1: Japanese patent application publica-
tion No. 2019-130771

SUMMARY

A first aspect of the present invention provides a learning
processing apparatus. The learning processing apparatus
may comprise a learning processing unit configured to
generate a control model that outputs a manipulated variable
corresponding to an indicated variable and a process vari-
able of a predetermined system by means of machine
learning. The learning processing apparatus may comprise a
generation unit configured to generate controlling data that
indicates a correspondence relation of a combination of the
indicated variable and the process variable to the manipu-
lated variable corresponding to that combination by using
the control model. The learning processing apparatus may
comprise a supply unit configured to supply the controlling
data to a predetermined control apparatus.

The manipulated variable may be a maximum manipu-
lated variable or a minimum manipulated variable within a
predetermined manipulable range.

The control model may output the manipulated variable
so that the process variable is a set-up setting value. The
generation unit may generate different controlling data for
each setting value.

The control model may be generated corresponding to a
predetermined plurality of systems. The generation unit may
generate different controlling data for each of the plurality of
systems.
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The controlling data may include a map of manipulated
variables to which the correspondence relation of the com-
bination of the indicated variable and the process variable to
the manipulated variable corresponding to that combination
is mapped.

A second aspect of the present invention provides a
control apparatus. The control apparatus may comprise an
input data acquisition unit configured to acquire the indi-
cated variable and the process variable of the predetermined
system. The control apparatus may comprise a controlling
data acquisition unit configured to acquire the controlling
data that is generated using the control model which has
been made to learn to output the manipulated variable
corresponding to the indicated variable and the process
variable and that indicates the correspondence relation of the
combination of the indicated variable and the process vari-
able to the manipulated variable which is output correspond-
ing to that combination. The control apparatus may comprise
a calculation unit configured to calculate the manipulated
variable corresponding to the combination of the indicated
variable and the process variable by using the controlling
data. The control apparatus may comprise an output unit
configured to output the manipulated variable to a predeter-
mined controlled object.

The controlling data acquisition unit may acquire the
plurality of maps of manipulated variables, as the control-
ling data, to which the correspondence relation of the
combination of the indicated variable and the process vari-
able to the manipulated variable corresponding to that
combination is mapped. The input data acquisition unit may
acquire feature data relating to the system. The control
apparatus may comprise a map selection unit configured to
select an arbitrary map of manipulated variables from the
plurality of maps of manipulated variables based on the
feature data.

The control apparatus may comprise a scaling unit con-
figured to scale the indicated variable and the process
variable to values depending on the map of manipulated
variables. The control apparatus may comprise a reverse
scaling unit configured to reverse-scale the manipulated
variable calculated from the map of manipulated variables
depending on the system.

The output unit may output the maximum manipulated
variable or the minimum manipulated variable within the
predetermined manipulable range as the manipulated vari-
able to the controlled object.

A third aspect of the present invention provides a learning
processing method. The learning processing method may
comprise generating the control model that outputs the
manipulated variable corresponding to the indicated variable
and the process variable of the predetermined system by
means of machine learning. The learning processing method
may comprise generating the controlling data that indicates
the correspondence relation of the combination of the indi-
cated variable and the process variable to the manipulated
variable corresponding to that combination by using the
control model. The learning processing method may com-
prise supplying the controlling data to the predetermined
control apparatus.

A fourth aspect of the present invention provides a control
method. The control method may comprise acquiring the
indicated variable and the process variable of the predeter-
mined system. The control method may comprise acquiring
the controlling data that is generated using the control model
which has been made to learn to output the manipulated
variable corresponding to the indicated variable and the
process variable and that indicates the correspondence rela-
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tion of the combination of the indicated variable and the
process variable to the manipulated variable which is output
corresponding to that combination. The control method may
comprise calculating the manipulated variable correspond-
ing to the combination of the indicated variable and the
process variable by using the controlling data. The control
method may comprise outputting the manipulated variable
to the predetermined controlled object.

A fifth aspect of the present invention provides a non-
transitory computer-readable medium having recorded
thereon a learning program. The learning program may be
executed by a computer to cause the computer to function as
the learning processing unit configured to generate the
control model that outputs the manipulated variable corre-
sponding to the indicated variable and the process variable
of the predetermined system by means of machine learning.
The learning program may be executed by the computer to
cause the computer to function as the generation unit con-
figured to generate the controlling data that indicates the
correspondence relation of the combination of the indicated
variable and the process variable to the manipulated variable
corresponding to that combination by using the control
model. The learning program may be executed by the
computer to cause the computer to function as the supply
unit configured to supply the controlling data to the prede-
termined control apparatus.

A sixth aspect of the present invention provides a non-
transitory computer-readable medium having recorded
thereon a control program. The control program may be
executed by the computer to cause the computer to function
as the input data acquisition unit configured to acquire the
indicated variable and the process variable of the predeter-
mined system. The control program may be executed by the
computer to cause the computer to function as the control-
ling data acquisition unit configured to acquire the control-
ling data that is generated using the control model which has
been made to learn to output the manipulated variable
corresponding to the indicated variable and the process
variable and that indicates the correspondence relation of the
combination of the indicated variable and the process vari-
able to the manipulated variable which is output correspond-
ing to that combination. The control program may be
executed by the computer to cause the computer to function
as the calculation unit configured to calculate the manipu-
lated variable corresponding to the combination of the
indicated variable and the process variable by using the
controlling data. The control program may be executed by
the computer to cause the computer to function as the output
unit configured to output the manipulated variable to the
predetermined controlled object.

Note that the summary clause above does not recite all
necessary features of the present invention. In addition, a
sub-combination of a group of these features may also
constitute the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A illustrates a schematic configuration of a control
apparatus 100 along with equipment 300.

FIG. 1B illustrates an exemplary flow for the control
apparatus 100 to control operations of a controlled object
310.

FIG. 2A illustrates a schematic configuration of a learning
processing apparatus 200.

FIG. 2B illustrates an exemplary flow of machine learning
by the learning processing apparatus 200.
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FIG. 3 illustrates an example of a more specific configu-
ration of a calculation unit 30.

FIG. 4A illustrates an exemplary map of manipulated
variables.

FIG. 4B illustrates an exemplary control method by the
control apparatus 100 according to an example.

FIG. 4C illustrates an exemplary method of generating the
map of manipulated variables using machine learning.

FIG. 5 illustrates an exemplary control method according
to a comparative example.

FIG. 6A illustrates an exemplary embodiment of the
learning processing apparatus 200.

FIG. 6B illustrates an exemplary embodiment of the
learning processing apparatus 200.

FIG. 7 illustrates an exemplary computer 2200 in which
several aspects of the present invention may be wholly or
partially embodied.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

While the present invention will be described below by
means of embodiments of the invention, these embodiments
below are not intended to limit the invention defined by the
claims. In addition, all combinations of features set forth in
the embodiments are not necessarily essential to the solu-
tions of the present invention.

FIG. 1A illustrates a schematic configuration of a control
apparatus 100 along with equipment 300. The control appa-
ratus 100 controls operations of a controlled object 310
provided in the equipment 300.

The equipment 300 is a facility, an apparatus or the like
in which the controlled object 310 is installed. For example,
the equipment 300 may be a plant, or may be a combined
apparatus in which a plurality of devices are combined.
Plants include industrial plants such as chemical or bio-
engineering plants, plants for managing/controlling such as
gas or oil wellheads and surroundings, plants for managing/
controlling such as hydroelectric, thermal, or nuclear power
generation, plants for managing/controlling such as solar or
wind energy environmental power generation, and plants for
managing/controlling such as waterworks or dams, for
example.

The equipment 300 is provided with the controlled object
310. Although this figure shows the case, as an example, in
which the equipment 300 is provided with only one con-
trolled object 310, the case is not limited thereto. The
equipment 300 may be provided with a plurality of con-
trolled objects 310.

Moreover, the equipment 300 may be provided with one
or more sensors (not shown) for measuring various states
(physical quantities) inside and outside the equipment 300.
Such sensors acquire operational data that indicates an
operational state as a result of controlling the controlled
object 310, for example. For example, the operational data
may indicate a process variable PV (Process Variable) that
is measured for the controlled object 310: as an example, it
may indicate an output (controlled variable) of the con-
trolled object 310 or may indicate various values that change
depending on the output of the controlled object 310.

The controlled object 310 is a field device and apparatus,
for example, serving as a target of control. For example, the
controlled object 310 is: a sensor device such as a pressure
gauge, a flowmeter, and a temperature sensor; a valve device
such as a flow control valve and a switching valve; or an
actuator device such as a fan and a motor.
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The control apparatus 100 of the present example per-
forms process control by a single-input and single-output
with one process variable PV and one manipulated variable
MV. For example, the control apparatus 100 performs the
process control such as temperature adjustment, liquid level
regulation, flow rate regulation, or the like.

The control apparatus 100 may be a computer such as a
PC (personal computer), a tablet computer, a smartphone, a
workstation, a server computer, or a general-purpose com-
puter, and may be a computer system in which a plurality of
computers are connected. Such a computer system is also a
computer in a broad sense. Moreover, the control apparatus
100 may be implemented by a virtual computer environment
which is singly or plurally executable in the computer.
Alternatively, the control apparatus 100 may be a dedicated
computer designed for Al control or may be dedicated
hardware realized by a dedicated circuit. Moreover, when
the control apparatus 100 can be connected to the Internet,
the control apparatus 100 may be realized by cloud com-
puting.

The control apparatus 100 comprises an input data acqui-
sition unit 10, a controlling data acquisition unit 20, a
calculation unit 30, and an output unit 40. Note that these
blocks are functional blocks each separated functionally and
they do not necessarily match those in an actual device
configuration. Thus, even when any unit is shown as one
block in this figure, it is not limited to that configured by one
device. Moreover, even when any units are shown as sepa-
rate blocks in this figure, they are not limited to those
configured by separate devices.

The input data acquisition unit 10 acquires predetermined
input data. For example, the input data acquisition unit 10
acquires an indicated variable IV and a process variable PV
of a predetermined system, as the input data, from the
equipment 300. The indicated variable IV and the process
variable PV may be measured by a sensor provided in the
equipment 300 and transmitted to the input data acquisition
unit 10 via a network. Moreover, the input data acquisition
unit 10 acquires a setting value SV which has been set up by
an operator or the like, as the input data. The input data
acquisition unit 10 may supply the acquired input data to the
controlling data acquisition unit 20 and the calculation unit
30.

The controlling data acquisition unit 20 acquires control-
ling data that indicates a correspondence relation of a
combination of the indicated variable IV and the process
variable PV to a manipulated variable MV (Manipulated
Variable) which is output corresponding to that combination.
The controlling data acquisition unit 20 may have a storing
unit for storing the acquired controlling data. The controlling
data is generated using a control model which has been made
to learn to output the manipulated variable MV correspond-
ing to the indicated variable IV and the process variable PV.

The controlling data is not particularly limited as to its
data format as long as it indicates the correspondence
relation of the combination of the indicated variable IV and
the process variable PV to the manipulated variable MV. In
an example, the controlling data includes a map of manipu-
lated variables to which the correspondence relation of the
combination of the indicated variable IV and the process
variable PV to the manipulated variable MV is mapped. The
map of manipulated variables will be described below. The
controlling data may indicate the correspondence relation of
the combination of the indicated variable IV and the process
variable PV to the manipulated variable MV in a table
format.
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The calculation unit 30 calculates the manipulated vari-
able MV corresponding to the combination of the indicated
variable IV and the process variable PV by using the
controlling data. In an example, the calculation unit 30
calculates a maximum manipulated variable MV or a mini-
mum manipulated variable MV within a predetermined
manipulable range, as the manipulated variable MV. The
maximum manipulated variable MV may be a maximum
value of a positive manipulated variable MV within the
predetermined manipulable range. The minimum manipu-
lated variable MV may be a minimum value of a negative
manipulated variable MV within the predetermined manipu-
lable range.

Moreover, the calculation unit 30 may calculate the
manipulated variable MV based on the setting value SV as
well. For example, the calculation unit 30 selects the map of
manipulated variables based on the setting value SV to
calculate the manipulated variable MV using the selected
map of manipulated variables. Note that the calculation unit
30 may switch to other control methods such as PID control
when a difference between the setting value SV and the
process variable PV becomes smaller than a predetermined
value.

The output unit 40 outputs the manipulated variable MV
calculated by the calculation unit 30 to the controlled object
310. The output unit 40 may output the maximum manipu-
lated variable MV or the minimum manipulated variable
MV within the predetermined manipulable range, as the
manipulated variable MV, to the controlled object.

For example, when the control apparatus 100 regulates
rotational speed for performing opening/closing of a valve,
thereby controlling a water level in a tank, the indicated
variable IV is an opening degree of the valve, the process
variable PV is the water level in the tank, and the manipu-
lated variable MV is the rotational speed of the valve.
Moreover, when the control apparatus 100 regulates current
flowing in a heating wire to control temperature in a furnace,
the indicated variable IV is temperature of the heating wire
itself, the process variable PV is temperature of the entire
furnace, and the manipulated variable MV may be current to
the heating wire.

The control apparatus 100 of the present example calcu-
lates the manipulated variable MV using the controlling data
generated by machine learning, thereby enabling realization
of the control with less overshoot and higher speed as
compared to other controls such as the PID control. The
control apparatus 100 of the present example is used as a
single-loop controller and outputs the maximum manipu-
lated variable MV or the minimum manipulated variable
MYV to the controlled object, thereby enabling realization of
the control with the theoretically highest speed. Whereby,
the control apparatus 100 can reduce time to regulate the
water level in the tank, rising time of furnace temperature,
or the like, as compared to the case with the PID control. In
addition, a system can be realized which supports increase
in production resulting from the shortened rising time,
saving of energy to be used upon initial startup, or quick
multi-kind batch production. Moreover, reduction in over-
shoot can realize decrease in waste resulting from early
stabilization of quality, improvement in an equipment opera-
tion rate, or prolonged service life resulting from decrease in
equipment burden.

FIG. 1B illustrates an exemplary flow for the control
apparatus 100 to control operations of the controlled object
310. At Step S100, the control apparatus 100 acquires the
indicated variable W and the process variable PV. Moreover,
at Step S100, the control apparatus 100 may acquire the
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setting value SV or may have acquired the setting value SV
in advance. For example, the control apparatus 100 acquires
the setting value SV which is set up in advance by the
operator, and acquires the indicated variable IV and the
process variable PV in real time from the sensor of the
equipment 300.

At Step S102, the control apparatus 100 acquires the
controlling data. The control apparatus 100 may have
acquired the controlling data generated by machine learning
in advance or may acquire the controlling data which is
machine-learned using a simulator or an actual system.

At Step S104, the control apparatus 100 calculates the
manipulated variable MV based on the controlling data. At
Step S106, the manipulated variable MV is output to the
controlled object 310. Thereafter, the control apparatus 100
determines whether the control is terminated. If the control
is not terminated, the control apparatus 100 returns to Step
S100 to acquire the indicated variable IV and the process
variable PV.

For example, the control apparatus 100 may use control
using the controlling data generated by machine learning in
combination with feedback control. The feedback control
may be at least one of proportional control (P control),
integral control (I control), or derivative control (D control),
and may be the PID control in an example. As an example,
in the feedback control, the manipulated variable MV is
calculated based on the process variable PV and the setting
value SV. In the feedback control, the manipulated variable
MYV may be calculated in response to the setting value SV
being set up so as to reduce a difference between that setting
value SV and the current process variable PV.

FIG. 2A illustrates a schematic configuration of a learning
processing apparatus 200. The learning processing apparatus
200 comprises a state data acquisition unit 210, a learning
processing unit 220, a generation unit 230, and a supply unit
240.

The state data acquisition unit 210 acquires state data that
indicates a state of the equipment 300 provided with the
controlled object 310. For example, the state data acquisition
unit 210 acquires the indicated variable IV and the process
variable PV measured by the sensor provided in the equip-
ment 300. The state data acquisition unit 210 may supply the
acquired state data to the learning processing unit 220 and
the generation unit 230.

The learning processing unit 220 generates a control
model 235 that outputs the manipulated variable MV cor-
responding to the indicated variable IV and the process
variable PV by means of machine learning. In the present
example, input values of the control model 235 are the
indicated variable IV and the process variable PV, while an
output value is the manipulated variable MV. When the
process variable PV corresponding to the indicated variable
1V is obtained, the learning processing unit 220 generates
the control model 235, by means of machine learning, that
outputs the manipulated variable MV which converges to the
setting value SV with less overshoot and the highest speed.
The control model 235 may be generated corresponding to
a predetermined plurality of systems. For example, the
control model 235 is generated by performing the machine
learning on each system such as a system to control tem-
perature in a heating furnace or a system to control a water
level in a tank.

The control model 235 is a learning model generated by
the learning processing unit 220 by means of reinforcement
learning, which outputs the manipulated variable MV cor-
responding to a state of the equipment 300. The control
model 235 of the present example outputs the manipulated
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variable MV so that the process variable PV becomes the
predetermined setting value SV. Note that, although this
figure shows the case, as an example, in which the control
model 235 is built in the learning processing apparatus 200,
the case is not limited thereto. The control model 235 may
be stored in the control apparatus 100. Note that the control
model 235 may be a model which outputs the manipulated
variable MV for each setting value SV. The control model
235 may include a plurality of models which are reinforce-
ment-learned for each setting value SV. For example, the
control model 235 is each model which outputs the manipu-
lated variable MV when the setting value SV is a first value
(e.g., 5) or which outputs the manipulated variable MV
when the setting value SV is a second value (e.g., 10).

The generation unit 230 generates the controlling data that
indicates the correspondence relation of the combination of
the indicated variable IV and the process variable PV to the
manipulated variable MV corresponding to that combination
by using the control model 235. The generation unit 230 may
generate different controlling data for each setting value SV.
The generation unit 230 of the present example uses a
different control model 235 for each setting value SV to
generate different controlling data for each setting value SV.
For example, the generation unit 230 generates the map of
manipulated variables, which will be described below, for
each setting value SV. Moreover, the generation unit 230
may generate different controlling data for each of the
plurality of systems when the control model 235 is generated
corresponding to the plurality of systems.

The supply unit 240 supplies the controlling data to the
control apparatus 100. Moreover, the supply unit 240 may
supply the controlling data to a predetermined storing unit
for storage. The supply unit 240 of the present example can
supply optimal controlling data for each setting value SV or
each system. Moreover, the supply unit 240 may supply
optimal controlling data depending on the combination of
the setting value SV and the system. Thus, the controlling
data may be different for each system and may be different
for each setting value in each system.

FIG. 2B illustrates an exemplary flow of machine learning
by the learning processing apparatus 200. At Step S200, the
learning processing apparatus 200 acquires the state data. At
Step S202, the learning processing apparatus 200 generates
the control model 235 by machine learning. At Step S204,
the learning processing apparatus 200 generates the control-
ling data using the control model 235. At Step S206, the
learning processing apparatus 200 supplies the controlling
data.

FIG. 3 illustrates an example of a more specific configu-
ration of the calculation unit 30. The calculation unit 30 of
the present example comprises a scaling unit 32, a map
selection unit 34, a determination unit 36, and a reverse
scaling unit 38.

The controlling data acquisition unit 20 acquires the
plurality of maps of manipulated variables, as the control-
ling data, to which the correspondence relation of the
combination of the indicated variable IV and the process
variable PV to the manipulated variable MV corresponding
to that combination is mapped. The plurality of maps of
manipulated variables may include a different map of
manipulated variables for each setting value SV. Moreover,
the plurality of maps of manipulated variables may include
a different map of manipulated variables for the system
serving as the controlled object 310.

The scaling unit 32 scales the indicated variable IV and
the process variable PV to values depending on the map of
manipulated variables. The scaling unit 32 performs linear
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processing to scale ranges of the indicated variable IV and
the process variable PV for an indicated variable IV' and a
process variable PV' to match to a range of the map of
manipulated variables to meet the ranges to each other. For
example, the range of the process variable PV' in the map of
manipulated variables is [0, 100], while the range of the
process variable PV of an actual system is [0, 1]. When a
value of the input process variable PV is 0.3, the scaling unit
32 performs linear processing to make the process variable
PV t0 0.3x100=30 corresponding to the range of the map of
manipulated variables.

The map selection unit 34 selects a predetermined map of
manipulated variables from the plurality of maps of manipu-
lated variables stored in the controlling data acquisition unit
20. The map selection unit 34 may select an appropriate map
of manipulated variables based on the indicated variable IV
and the process variable PV that are input in the calculation
unit 30. For example, the map selection unit 34 selects the
map of manipulated variables for a system that is closest to
the system of the controlled object 310 from the plurality of
maps of manipulated variables.

For example, the map selection unit 34 selects the map of
manipulated variables appropriate to the actual system from
the plurality of maps of manipulated variables based on the
feature data relating to the system. Here, the plurality of
maps of manipulated variables may include a map of
manipulated variables specific for each application, such as
a map of manipulated variables for the heating furnace or a
map of manipulated variables for water level control of a
three-tank system. Moreover, the plurality of maps of
manipulated variables may include a map of manipulated
variables for a primary delay system, a map of manipulated
variables for a secondary delay system, or the like, depend-
ing on mathematical features of the system. Thus, the map
selection unit 34 may select an arbitrary map of manipulated
variables from the plurality of maps of manipulated vari-
ables based on information relating to an application of the
system or information relating to the mathematical features
of the system as the feature data. The map selection unit 34
may select an arbitrary map of manipulated variables from
the plurality of maps of manipulated variables by referring
to such as the information relating to the application of the
system and the information relating to the mathematical
features of the system in combination. More specifically, the
map selection unit 34 may select the map of manipulated
variables which is closest to the information of the actual
system by comparing the feature data with additional infor-
mation of the plurality of maps of manipulated variables.
The additional information of the plurality of maps of
manipulated variables may be any information relating to
the map of manipulated variables. Note that the feature data
may be acquired by the input data acquisition unit 10. The
feature data may be input by a user, or may be calculated
based on the indicated variable IV, the process variable PV,
and the like which are input into the input data acquisition
unit 10.

The determination unit 36 determines the manipulated
variable MV' corresponding to the input indicated variable
IV' and process variable PV' using the map of manipulated
variables selected by the map selection unit 34. Note that the
indicated variable IV and the process variable PV may be
input into the determination unit 36 as they are without being
scaled.

The reverse scaling unit 38 reverse-scales the manipulated
variable MV calculated from the map of manipulated vari-
ables depending on the system. The reverse scaling unit 38
performs an inverse operation on the scaling unit 32 corre-
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sponding to a range of output of the actual system and
outputs the result. For example, the range of the manipulated
variable MV' in the map of manipulated variables is [0, 100],
while the range of the manipulated variable MV of the actual
system is [0, 1]. When a value of the manipulated variable
MV obtained from the map of manipulated variables is 5,
the reverse scaling unit 38 performs linear processing to
make the manipulated variable MV to 5/100=0.05 corre-
sponding to the range of output of the actual system.

FIG. 4A illustrates an exemplary map of manipulated
variables. The abscissa denotes the process variable PV and
the ordinate denotes the indicated variable IV. Moreover, the
map of manipulated variables of the present example is
divided into a region A and a region B depending on the
combination of the indicated variable IV and the process
variable PV. The control apparatus 100 may output different
manipulated variables MV for the region A and the region B.

For example, when the combination of the indicated
variable IV and the process variable PV is located in the
region A, the control apparatus 100 controls the controlled
object 310 with the maximum manipulated variable MV
within the predetermined manipulable range. Moreover,
when the combination of the indicated variable IV and the
process variable PV is located in the region B, the control
apparatus 100 may control the controlled object 310 with the
minimum manipulated variable MV within the predeter-
mined manipulable range.

In the present example, a trajectory is shown when the
system is stabilized actually by full acceleration and full
braking control. For example, by performing the full braking
control from a predetermined initial state a based on the map
of manipulated variables, the system is finally stabilized in
a stable state c. Similarly, by performing the full acceleration
control from a predetermined initial state b, the system is
stabilized in the same stable state c.

FIG. 4B illustrates an exemplary control method by the
control apparatus 100 according to an example In the present
example, a result of control is shown when a water level is
controlled for a primary delay system called a “three-tank
system” on a simulator. In the present example, the full
acceleration and full braking control converges a value to a
predetermined setting value SV more rapidly than the PID
control as shown in FIG. 5. In this manner, the control
apparatus 100 of the present example sets up the appropriate
manipulated variable MV using the control data, allowing to
avoid overshoot and realize the high-speed control.

FIG. 4C illustrates an exemplary method of generating the
map of manipulated variables using machine learning. The
map of manipulated variables may be generated using a
predetermined reinforcement learning algorithm. Although
the map of manipulated variables of the present example is
generated using the Kernel Dynamic Policy Programming
(Kernel Dynamic Policy Programming, KDPP), it is not
limited thereto.

An evaluation function uses a function f{(t)=IProcess Vari-
able PV(t)-Setting Value SV or the like, for example. The
manipulated variable MV takes some points from -MAX to
+MAX to make them the output values of reinforcement
learning. In the KDPP, by performing sufficient learning in
an one input one output system, a reinforcement learning
model finally converges to a model using only two values,
+MAX and -MAX. In addition, by providing the combina-
tions of the indicated variables IV and the process variables
PV to the generated reinforcement learning model and
calculating the manipulated variable MV (+MAX or
-MAX) to make a graph, the map of manipulated variables
is generated.
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FIG. 5 illustrates an exemplary control method according
to a comparative example. The present example uses the PID
control as a control algorithm for a single-input and single-
output with one manipulated variable MV and one process
variable PV.

Here, while the PID control can realize a stable control, its
time to reach the setting value SV is not optimal. The PID
control is a solution calculated by the Laplace transforma-
tion of a differential equation of the system to transform it
into an algebraic equation, wherein as a general form, a
solution space is formed by smooth functions such as a
combination of exponential functions or trigonometric func-
tions. However, the Laplace transformation of a single
triangle wave leaves a term of the exponential function and
does not make the algebraic equation, so that the solution
such as a single triangle wave is excluded.

In contrast, the control using the full acceleration and full
braking is a sum of solutions of a single triangle wave, which
is not considered in the conventionally used Laplace trans-
formation. That is, the technique using the Laplace trans-
formation cannot calculate a solution of highest speed
control using the full acceleration and full braking. There-
fore, in the PID control of the comparative example, it is
difficult to perform the high-speed control due to occurrence
of overshoot.

Note that although it can also be considered to realize the
control approximate to the full acceleration and full braking
by advanced control or the like, it requires complex param-
eter adjustments and is thus difficult to use by mounting to
a compact controller operable in a microcomputer with a
small throughput. The control apparatus 100 of the present
example may be replaced by a configuration that performs
PID calculations of a single-loop controller, and a configu-
ration such as analog signal processing or digital signal
processing may be the same as the existing one. The control
apparatus 100 can be mounted to a compact controller as
well.

FIG. 6A illustrates an exemplary embodiment of the
learning processing apparatus 200. The learning processing
apparatus 200 comprises a simulator 250. The simulator 250
may be provided outside the learning processing apparatus
200.

The simulator 250 supplies the predetermined indicated
variable IV and process variable PV to the state data
acquisition unit 210. For example, the simulator 250 is
created using actually measured data of the system or the
like by any system identification technique. The learning
processing apparatus 200 of the present example generates
the control model 235 by machine learning using the simu-
lator 250. Whereby, the learning processing apparatus 200 of
the present example can realize learning processing using
the simulator 250 even when the controlled object 310 is a
more complex system.

FIG. 6B illustrates an exemplary embodiment of the
learning processing apparatus 200. The controlling data
acquisition unit 20 of the present example generates the
control model 235 by machine learning with the indicated
variable IV and the process variable PV acquired from the
equipment 300 as the state data. The learning processing
apparatus 200 of the present example can generate the
control model 235 even when it is difficult to generate the
simulator 250 corresponding to the controlled object 310.
The controlling data generated using the actual system may
be used by combining it with the controlling data generated
using other methods such as the simulator 250. Thus, the
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plurality of maps of manipulated variables may include a
map of manipulated variables that is machine-learned by
different methods.

FIG. 7 illustrates an exemplary computer 2200 in which
several aspects of the present invention may be wholly or
partially embodied. A program installed in the computer
2200 can cause the computer 2200 to function as one or
more sections of operations associated with the apparatus
according to the embodiments of the present invention or the
apparatus, or to perform the operations or the one or more
sections, and/or cause the computer 2200 to perform a
process or steps of the process according to the embodi-
ments of the present invention. Such a program may be
executed by a CPU 2212 to cause the computer 2200 to
perform specific operations associated with some or all of
the blocks in the flowchart and block diagrams described in
the specification.

The computer 2200 according to the present embodiment
includes the CPU 2212, a RAM 2214, a graphics controller
2216, and a display device 2218, which are connected to
each other via a host controller 2210. The computer 2200
also includes a communication interface 2222, a hard disk
drive 2224, a DVD-ROM drive 2226, and an 1/O unit such
as an IC card drive, which are connected to the host
controller 2210 via an [/O controller 2220. The computer
further includes a legacy /O unit such as a ROM 2230 and
a keyboard 2242, which are connected to the /O controller
2220 via an [/O chip 2240.

The CPU 2212 operates in accordance with a program
stored in the ROM 2230 and the RAM 2214, thereby
controlling each unit. The graphics controller 2216 acquires
image data generated by the CPU 2212 in a frame buffer or
the like provided in the RAM 2214 or in the RAM 2214
itself, so that the image data is displayed on the display
device 2218.

The communication interface 2222 communicates with
other electronic devices via a network. The hard disk drive
2224 stores a program and data used by the CPU 2212 in the
computer 2200. The DVD-ROM drive 2226 reads a program
or data from a DVD-ROM 2201, and provides the program
or data to the hard disk drive 2224 via the RAM 2214. The
IC card drive reads the program and data from an IC card,
and/or writes the program and data in the IC card.

The ROM 2230 stores therein a boot program or the like
executed by the computer 2200 upon activation, and/or a
program dependent on hardware of the computer 2200. The
1/O chip 2240 may also connect various [/O units to the [/O
controller 2220 via a parallel port, a serial port, a keyboard
port, a mouse port, or the like.

A program is provided by a computer-readable medium
such as the DVD-ROM 2201 or IC card. The program is read
from the computer-readable medium, installed in the hard
disk drive 2224, the RAM 2214, or the ROM 2230 serving
also as an example of the computer-readable medium, and
executed by the CPU 2212. Information processing
described in these programs is read by the computer 2200 to
provide a link between the program and the various types of
hardware resources as mentioned above. The apparatus or
method may be configured by realizing information opera-
tions or processing according to the use of the computer
2200.

For example, when performing the communication
between the computer 2200 and an external device, the CPU
2212 may execute a communication program loaded in the
RAM 2214 and, based on the processing described in the
communication program, instruct the communication inter-
face 2222 to perform communication processing. The com-
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munication interface 2222, under control of the CPU 2212,
reads transmission data stored in a transmission buffer
processing area provided in a recording medium such as the
RAM 2214, the hard disk drive 2224, the DVD-ROM 2201,
or the IC card, and transmits the read transmission data to a
network, or otherwise writes received data from the network
in a reception buffer processing area or the like provided on
the recording medium.

Moreover, the CPU 2212 may allow the RAM 2214 to
read all or necessary parts of a file or database stored in an
external recording medium, such as the hard disk drive
2224, the DVD-ROM drive 2226 (DVD-ROM 2201), and
the IC card, to perform various types of processing for the
data stored on the RAM 2214. The CPU 2212 then writes
back the processed data in the external recording medium.

Various types of information such as various types of
programs, data, tables, and databases may be stored in the
recording medium and subject to information processing.
On the data read from the RAM 2214, the CPU 2212 may
perform various types of processing including various types
of operations, information processing, condition determina-
tion, conditional branching, unconditional branching, infor-
mation retrieval/conversion, and the like, which are
described anywhere in the present disclosure and specified
by an instruction sequence of a program, and write back the
result in the RAM 2214. The CPU 2212 may also retrieve
information in a file, database, or the like in the recording
medium. For example, when the recording medium stores a
plurality of entries each having a first attribute value asso-
ciated with a second attribute value, the CPU 2212 may
retrieve an entry from the plurality of entries that matches a
condition where the first attribute value is specified, read the
second attribute value stored in the entry, thereby acquiring
the second attribute value associated with the first attribute
that satisfies a predetermined condition.

The programs or software modules described above may
be stored on the computer 2200 or a computer-readable
medium in the vicinity of the computer 2200. Moreover, a
recording medium such as a hard disk or RAM provided in
a server system connected to a dedicated communication
network or the Internet is usable as the computer-readable
medium, thereby providing the program to the computer
2200 via the network.

While the present invention has been described using the
embodiments, the technical scope of the present invention is
not limited to the scope described in the above embodi-
ments. It is apparent to persons skilled in the art that various
alterations or improvements can be added to the above-
described embodiments. It is also apparent from the descrip-
tion of the claims that the embodiments added with such
alterations or improvements can be included in the technical
scope of the present invention.

It should be noted that each processing such as the
operations, procedures, steps, and stages in the apparatus,
system, program, and method shown in the claims, specifi-
cation, and diagrams can be realized in any order unless the
performance order is otherwise indicated by “before,” “prior
to,” or the like and unless the output from a previous process
is used in a later process. Even if the operational flow is
described conveniently using phrases such as “first” or
“next” in the claims, specification, and diagrams, it does not
mean that the flow is essentially performed in this order.

EXPLANATION OF REFERENCES

10: input data acquisition unit; 20: controlling data acqui-
sition unit; 30: calculation unit; 32: scaling unit; 34: map
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selection unit; 36: determination unit; 38: reverse scaling
unit; 40: output unit; 50, 100: control apparatus; 200:
learning processing apparatus; 210: state data acquisition
unit; 220: learning processing unit; 230: generation unit;
235: control model; 240: supply unit; 250: simulator; 300:
equipment; 310: controlled object; 2200: computer; 2201:
DVD-ROM; 2210: host controller; 2212: CPU; 2214: RAM;
2216: graphics controller; 2218: display device; 2220: /O
controller; 2222: communication interface; 2224: hard disk
drive; 2226: DVD-ROM drive; 2230: ROM; 2240: /O chip;
2242: keyboard

What is claimed is:

1. A learning processing apparatus comprising:

at least one processor;

a learning processing unit that uses the at least one
processor to generate a control model that outputs a
manipulated variable corresponding to an indicated
variable and a process variable of a predetermined
system by means of machine learning;

a generation unit that uses the at least one processor to
generate controlling data that indicates a correspon-
dence relation of a combination of the indicated vari-
able and the process variable to the manipulated vari-
able corresponding to the combination by using the
control model; and

a supply unit that uses the at least one processor to supply
the controlling data to a predetermined control appa-
ratus;

wherein:

the controlling data includes a map of manipulated vari-
ables to which the correspondence relation of the
combination of the indicated variable and the process
variable to the manipulated variable corresponding to
the combination is mapped.

2. The learning processing apparatus according to claim 1,

wherein:

the manipulated variable is a maximum manipulated
variable or a minimum manipulated variable within a
predetermined manipulable range.

3. The learning processing apparatus according to claim 2,

wherein:

the control model is configured to output the manipulated
variable so that the process variable is a set-up setting
value; and

the generation unit uses the at least one processor to
generate the controlling data that are different for each
setting value.

4. The learning processing apparatus according to claim 2,

wherein:

the control model is generated corresponding to a prede-
termined plurality of systems; and

the generation unit uses the at least one processor to
generates the controlling data that are different for each
of the plurality of systems.

5. The learning processing apparatus according to claim 1,

wherein:

the control model is configured to output the manipulated
variable so that the process variable is a set-up setting
value; and

the generation unit uses the at least one processor to
generate the controlling data that are different for each
setting value.

6. The learning processing apparatus according to claim 5,

wherein:

the control model is generated corresponding to a prede-
termined plurality of systems; and
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the generation unit uses the at least one processor to
generates the controlling data that are different for each
of the plurality of systems.

7. The learning processing apparatus according to claim 1,

wherein:

the control model is generated corresponding to a prede-
termined plurality of systems; and

the generation unit uses the at least one processor to
generates the controlling data that are different for each
of the plurality of systems.

8. The learning processing apparatus according to claim 1,

wherein:

the control apparatus comprises a map selection unit that
uses the at least one processor to select an arbitrary map
of manipulated variables from the plurality of maps of
manipulated variables based on feature data.

9. A control apparatus comprising:

at least one processor;

an input data acquisition unit that uses the at least one
processor to acquire an indicated variable and a process
variable of a predetermined system;

a controlling data acquisition unit that uses the at least one
processor to acquire controlling data that is generated
using a control model which has been made to learn to
output a manipulated variable corresponding to the
indicated variable and the process variable and that
indicates a correspondence relation of a combination of
the indicated variable and the process variable to the
manipulated variable which is output corresponding to
the combination;

a calculation unit that uses the at least one processor to
calculate the manipulated variable corresponding to the
combination of the indicated variable and the process
variable using the controlling data; and

an output unit that uses the at least one processor to output
the manipulated variable to a predetermined controlled
object;

wherein:

the controlling data acquisition unit uses the at least one
processor to acquire a plurality of maps of manipulated
variables, as the controlling data, to which the corre-
spondence relation of the combination of the indicated
variable and the process variable to the manipulated
variable corresponding to the combination is mapped;

the input data acquisition unit uses the at least one
processor to acquire feature data relating to the system;
and

the control apparatus comprises a map selection unit uses
the at least one processor to select an arbitrary map of
manipulated variables from the plurality of maps of
manipulated variables based on the feature data.

10. The control apparatus according to claim 9, compris-

ing:

a scaling unit that uses the at least one processor to scale
the indicated variable and the process variable to values
depending on the map of manipulated variables; and

a reverse scaling unit that uses the at least one processor
to reverse-scale the manipulated variable calculated
from the map of manipulated variables depending on
the system.

11. The control apparatus according to claim 9, wherein:

the output unit uses the at least one processor to outputs
a maximum manipulated variable or a minimum
manipulated variable within a predetermined manipu-
lable range as the manipulated variable to the con-
trolled object.
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12. The control apparatus according to claim 9, wherein:

the output unit uses the at least one processor to outputs
a maximum manipulated variable or a minimum
manipulated variable within a predetermined manipu-
lable range as the manipulated variable to the con-
trolled object.

13. A learning processing method comprising:

generating a control model that outputs a manipulated
variable corresponding to an indicated variable and a
process variable of a predetermined system by means
of machine learning;

generating controlling data that indicates a correspon-
dence relation of a combination of the indicated vari-
able and the process variable to the manipulated vari-
able corresponding to the combination by using the
control model; and

supplying the controlling data to a predetermined control
apparatus;

wherein:

the controlling data includes a map of manipulated vari-
ables to which the correspondence relation of the
combination of the indicated variable and the process
variable to the manipulated variable corresponding to
the combination is mapped.

14. A control method comprising:

acquiring an indicated variable and a process variable of
a predetermined system;

acquiring controlling data that is generated using a control
model which has been made to learn to output a
manipulated variable corresponding to the indicated
variable and the process variable and that indicates a
correspondence relation of a combination of the indi-
cated variable and the process variable to the manipu-
lated variable which is output corresponding to the
combination;

calculating the manipulated variable corresponding to the
combination of the indicated variable and the process
variable by using the controlling data; and

outputting the manipulated variable to a predetermined
controlled object;

wherein:

the controlling data includes a map of manipulated vari-
ables to which the correspondence relation of the
combination of the indicated variable and the process
variable to the manipulated variable corresponding to
the combination is mapped.

15. A non-transitory computer-readable medium having

recorded thereon a learning program

executed by a computer to cause the computer having at
least on processor to function as

a learning processing unit that uses the at least one
processor to generate a control model that outputs a
manipulated variable corresponding to an indicated
variable and a process variable of a predetermined
system by means of machine learning;

a generation unit that uses the at least one processor to
generate controlling data that indicates a correspon-
dence relation of a combination of the indicated vari-
able and the process variable to the manipulated vari-
able corresponding to the combination by using the
control model; and

a supply unit that uses the at least one processor to supply
the controlling data to a predetermined control appa-
ratus;

wherein:

the controlling data includes a map of manipulated vari-
ables to which the correspondence relation of the
combination of the indicated variable and the process
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variable to the manipulated variable corresponding to
the combination is mapped.

16. A non-transitory computer-readable medium having

recorded thereon a control program

executed by a computer having at least one processor to
cause the computer to function as

an input data acquisition unit that uses the at least one
processor to acquire an indicated variable and a process
variable of a predetermined system;

a controlling data acquisition unit that uses the at least one
processor to acquire controlling data that is generated
using a control model which has been made to learn to
output a manipulated variable corresponding to the
indicated variable and the process variable and that
indicates a correspondence relation of a combination of
the indicated variable and the process variable to the
manipulated variable which is output corresponding to
the combination;

a calculation unit that uses the at least one processor to
calculate the manipulated variable corresponding to the
combination of the indicated variable and the process
variable by using the controlling data; and

an output unit that uses the at least one processor to output
the manipulated variable to a predetermined controlled
object;

wherein:

the controlling data includes a map of manipulated vari-
ables to which the correspondence relation of the
combination of the indicated variable and the process
variable to the manipulated variable corresponding to
the combination is mapped.
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